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IV INTRODUCTION AND SUMMARY 

AHttonuuts ami Apollo and Sky lab missions havo reported observing a 

variety of visual phenomena when thetr eyes are closed and adapted to 

1 2 

darlinfss.' * These phenomena havo been collectively labelled as light- 

flashes. Visual phenomena which are similar in appearance to those observed 

3-11 

in space have been demonstrated the number of accelerator facilities 

by oxpr< aslng the eyes of human subjects to beams of various types of 

radiation. More than are physical mechanism Is now known to contribute. 

Xn some laboratory experiments Cerenkov radiation was found to be the 

8"*H 

basis for the flashes observed while in other experiments ~ Cerenkov 
radiation could apparently be ruled out. 

The principal, objective of the effort covered by this grant was to 
design and conduct experiments that differentiate between Cerenkov radiation 
and other possible mechanisms for inducing visual phenomena and compare the 
phenomena obtained in the presence and absence of Cerenkov radiation. Section 
2 of this report describes the experiments and the data obtained. 

A new mechanism proposed by us to explain the vlsuaJ phenomena observed 
by Sky lab astronauts as they passed through the South Atlantic Anomaly, namely 
nuclear interactions in and near the sensitive layer of the retiva, is covered 

in Sec. 3. Brief reviews of the light-flash phenomena in space have been 

1 14 1 j u •. 12,13 
published by us. 

It turns out that the light-flash phenomena are only one example of 
transient phenomena induced in ’’electrical systems” flown In space. Seme of our 
studies to search for similar transient effects of space radiation on sensors and 
microcomputer memories are described in Sec, 4. 




'fliQ retsearch described In this report Involved deliberate exposure of 
human subjects (the investigators) to heavy Ions, A fall-safe beam delivery 
system had to be designed. Itie system used is described in Sec, 2. All 
experiments had to receive the approval of the committees for the Protection 
of Human Subjects at Lawrence Berkeley Laboratory, Brookhaven National 
Laboratory and Clarkson College. There were, in addition, reports of 


evidence at LBL of single - hit track effects in neural tissue of animal 
subjects which had to be taken into account in granting approval. This 
necessitated considerable delay in scheduling irradiations. We did finally 
obtain approval for carbon and neon runs and fell confident now of obtaining 
approval for argon for this fall. We greatly appreciate the time and 
effort contributed by the members of the safety committees at all three 
insitutions. The delays required our requesting no-cost extensions well | 
beyond the projected one year duration of this grant. We appreciate that 
NASA officials took into account the unique features of this experiment and 
granted these no-cost extensions. 
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2. LIGUT-mSH EXPERIMENTS AT TUI BEVAtAC 
O na>r>A t<“ A~T Eac il X ty 

The first step in these experiments was the design and implementiatlott 
of modifications to the Biomedical beam line that would satisfy the 
following science requirements. 

i. Beam delivery one particle at a time 
li» Easy Implementation of catch tests 
iii. Random mixing of beams particles incident out speeds above and 
below the Cer^j;^ov threshold 

■7 

Xn addition the beam line had to be fail-safe against accidental overexposure 
of the human subjects. The beam facility implemented is described in Ref. 

14, 'For the reader’s conveiSlence a copy of this publication is included as 
Appendix A. 

Exposure to Carbon Ions 

The results of our initial run with carbon ions is described in an 
15 

article published in Science. A copy of this article is Included as 
Appendix B. We restrict ourselves here to some essential feature of the data. 

Two of the three subjects reported observing visual phenomena. The use 
of catch tests (empty beam pulses) demonstrated high subject reliability 
during these irradiations. The subjects (V.P. and P.H.) described the 
phenomena as bright and easily distinguishable Irom background. A comparison 
of pheomena Induced by Cerenking and non-Cerenking particles (with the ^ 
subject not knowing which) showed that the ’’large” and cloud-like phenomena V\ 

■II " ■' V 

were only observed with Cerenking particles while its point-flash and streak 
phenomena were observed with both. The reader is referred to Appendix B for 

I 

details. ' . 

A second irradiation with carbon Ions was conducted under close to 
identical conditions a year or so later. Both subjects had experienced 



4 


I ’■ 

viBUfiX phenoroensi iii the ptevloue itrndiatloni. Neithtt subject reported 
obscivlAg the type of bright distinct phenomena obsei’ved in the first run. 

The subjects were asked to report any phenomena obaerved. The data Is 
still being analysed but It is clear that none of the distinct phenomena 
the first vm were observed in the second Irradiation. Tliis was true for 
both Gerenklng and non-Ceranklng particles. 

Neon Exposure 

An exposure to neon Ions was carried out under conditions identical to 
those described in Appendices A and B. The higher charge of the neon 
nuclei should have enhanced both the Cerenkov radiation and LET by about 
(10/6)^, Despite this enhancement none of the bright distinct phenomena 
file first carbon run were observed. 

Discussion 

In summary we have three experimental runs carried out under as close to 
Identical conditions as pot'lble with apparently conflicting results. Proper 
psychophlpical procedures were followed In all three experiments so that the 
subject did not know if a ’’beam pulse" contained a Cerenklng or non-Cerenklng 
ion or no ion at all. The data from the first run is clear indence that two 

I) 

subjects were experiencing flash phenomei|a and Chat the large bright 
phenomena appeared only for Cerenklng particles. 

'file changes in the subjects ability to detect heavy ions may be explained 
in terms of fluctuation in the sensitivity of the human visual systems. 

i *t *7 

Denton and Pircnne'*' ’ have shown that threshold for detecting light pulses 
may vary by an order of magnitude among normal human subjects and by a factor 
of 3 for the same subject on different days. This variation is also 
consistent with the large differences in light-flash rates observed by the 
same Apollo astronauts at different times in the mission. 


3. EOLE OP RUCLliAR INTBRACTIONS i( 

Aiitranauts on Skylab obaervod point and stroak llght^lflflsh phanowena aa 
the spacacrafu paisad through th® Smith Atlantic Anomaly (SAA), HASA icientlats 
described th® rates of flash observations as ’'anomalous" in terms of the known 
Cerenkov and LET mechanisms and th® measured trapped proton fluences In the 
SAA, We prepared in Ref. 17 that nuclear Interactions in and near the 
sensitive layer of the retina provide a possible mechanism for the light 
flashes. For the reader's convenience a copy of Ref. 17 is included as Appendix 
C, 

We have explored the use of thwi Harvard Cyclotron for use in investigating 
the role of nuclear interactions in the llght‘-flash phenomena. An experiment 
to measure the spectrum of energy deposited in thin silicon surface-barrier 
detector of different thicknesses is currently underway. A light-flash 
experiment involving human subjects is planned. These efforts are not 
currently supported by external funding. 
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4. COm’AMBLi tIANSIEOT PHEHOMEHA IN ELECl*EONIC SYSTEMS 

Tiia Hght«*flasha8 ate transient phonomana Induead aoraa^hafo in ihe 
bloelncttonics of thn human vlaual aynt&m. Th« quantion nrosu &b to 

\\ II 

whothe? there were similar phenomena induced in man made electronic systems 

'X 

18 " 

flam in space. Kata and Rothwell deinonstrated that transient Iri; DMBP 
aatellite photographs could be correlated with energetic particles 
Incident on the sensor. 

We Initiated a preliminary study that suggested digital memories as 
a location of analogous transients. Electrically stored information could 
be distorted by changes in the logic state of individual storage events. 

19 

Such invenslons were postulated in bipolar circuit elements by Binder et al. 

With the help of Air Force support as well as this grant We initiated 

some tests on LSI circuits that clearly demonstrated memory upsets upon exponents 

20 21 

energetic protons. * These experiments and their implications for space 
are describikd in some detail in Ref, 20 which is Included here as Appendix D. 
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HcvtivtM 3 Maiwh \m 


ll iii dcstrahlv* fur tarlam c^ptfnnienu iiuohing awknainrs lu liavc ihc v,ipahilii> <il itclivcrinii ju^t ii ^inglv' beam piirikle 
lu the tarsci area The esMiniial fealiirc** of *»uch a n!U**ai-a-tinie ruvibl.v arc Uiscu'ivtd Wc UcHribe t^n i»Uvh raciliiic*» 
whiib were im|iletnvnk'a ai hijih-energy heavy ion aete! ^'attirv wdhuui having in maU’ maior viruclural dianiio* in ibc 
cxhllnjj bcum lines or subsuintiallv jnieiferinpt with oift ■ accelerator Ubcs, 

Two uccdcralor raciliik*\ arc aestrilvea vvliieh had the caiMbiliiy ol tivllvcrin!; u single Iveam parUcte to the target area. 
This feature is necessary in verlain experiments Invcsiiptinj; visual phenomena induced by charged particKs. other single 


particle inicraclions irt binfoiry. and other experiments m i 
Both facjlitics were implimcnied without having to make 
interfering with other accelerator uses. 

i. InlrodiicUoii 

There arc apptictHions of piiriide aceclcraiors for 
whifh ii is utivunuigcous lo reduce the beam de- 
livered onto it uirgci lo just one puriidc. Examples 
include lesiing or calibrating a deiecior system 
iind investigating the biological clTcds that result 
IVom the passage oru sin-^lc beam pariidq through 
a single cell or structure in an organism. One par- 
ticular advantage of such a facility at a heavy ion 
accelerator is the simulation of the passage of cos- 
mic-ray heavy ions. 

We became interested in developing a beam fa- 
cility capable of delivering single particles, during 
invc.stigalioiis into the visual phenomena induced 
by the passage of charged puriidcs through the 
diirk-adaptcd human eye' '*). These “light Hushes" 
were first ob.scrved in deep space by astronauts on 
Apollo !I, prc.sumably us a result of the pas.sngc 
tif individual heavy cosmic-ray nuclei through the 
cycT. It was our belief llv.it to properly simulate 
esposTire to the heavy-ion component of the cos- 
mic rays at an accelerator the beam partides 

‘ 1‘rcscni addivs'j; liiwrciKx' llerkdey I ahoralnry. IJcrkck’y 
( A 'M730. 

address: (ioncral I Icclrk Hesuarch and Ikvvlup- 
nwm (Vntci St'licncciady. New York l?345. 


.hah ibi; h»w mtensHk’s uj vt«mk- fay% stsfcd tu b« Mmulaiyd. 
structural chanjiv's in the existing beam lines or suhsianUally 


should be ddix’crcd lo the target at rates compar- 
able to those in space, i.e, onc-ai-u-timc. For ex- 
ample the presence of more than one partidc in a 
pulse may ufrcci the appearance of the visual 
phenomena observed*). 

Other effects of cosmic-rays on man and his 
support systems in space which might be studied 
at a one-at-utime facility indudci the effects of 
the passage of heavy ions through photo detection 
systems'"), electrical circuits"), single nerve cells 
and various locations in the central nervous sys- 
tem''). 

Some problems arise when facilities that are de- 
signed for stable operation at the highest possible 
currents are modillcd for single particle delivery. 
For example, the beam will probably not be in- 
tense enough lo provide feedback to the operator 
through normal instrumcniaiion. However, our 
experience suggests that these problem.^ can be 
circumvented or overcome, Section 2 describes 
the e.ssemial features- of onc-ul-u-timc facilities*, 
and details of iiow they were implemented at two 
heavy-ion accelcraitms arc given in section X 

2 , Essential features 

The following features* are dc.sirablc in any 
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t^irtklv’ Udivcry sysicm ai ti Jk 'vy u>n uv* 
cclcrati»r^ 

1) lii'iim i>wih\ The ineWem lurilde shoulU hu\c 
ihe dehiretl charge^ mus«i unci velocity. 

2) HfthihiHly. A putw shoukl eomuin one purlide 
unci no more. No sulKciiueni pulse should be 
deliveretl to the target. 

3) 0 / imph'mvntaUmu racilitics of this type 
am likely to be used olien lor short periods in 
a variety of applications rather than u single long 
term csperimeni. 

4) f lexibility. The faeiliiy should be capable of dc» 
livering difrcreni heacy ions over a range of 
vcloctlie*.; up «o and including the threshold for 
Cerenkov radiation. 

5) b (lib Mile iiyainst mvhhmil tmrHwpnsmv, In a 
lail-safc mode the experimenter can remain at 
the site of exposuie just outside the collimaiur* 
dcUncd beam area. This allows him quick ac- 
cess for conllguration or alignment changes be- 
tween pulses. In our experiments tit target is 
a human volumccr (one of the cxperimcnicrs) 
who mu.st be protected. 

6) bmi ivspinisc, When openning in ti rni-safe 
mode the beam line and possibly the entire ac- 
celerator will be lied up. Ideull)’, the experi- 
mcmer should be able to request a pulse, per- 
haps by pushing a button and promptly receive 
one beam pulse consisting of one particle. 

7) Sniftll beam spat. The location wheie the beam 
particle enters the target must be accurately 
known for most applications. 

3. Description of (wo facililles 
3.1. PkINC NON |■AUrll Lt. AtC i LtUATOR 
Our first single particle delivery facility was set 
up at the Princeton Particle Accelerator (PPA). 
The experiment^) involved exposins the dark- 
adapted eyes of human subjects to individual 
530 MeV/umu ‘■'N nuclei, A fail-safe ‘-t iblc oper- 
ation was achieved by running the beam inside 
the synchrotron at near-maximum inlcn.sliy and 
reducing the extracted beam imensity by collima- 
tlon. A schematic diagram of the facility is shown 
in llg. ). Transport and fociising magnets are not 
shown In the figure. The beam line was the same 
as that conventionally used Ibr heavy-ion cxpeii- 
menls. No struciurul modiUcationH of the beam 
line were necessary except the addition of two cx)I- 
limaior.s. The full intensity of the 530 MeV/amu 
beam was extracted using a resonance tech- 


nique’^). The cxlraclcd lieam entered a collimator 
and passed through several focusing and Ixunling 
magnets inid the main synchixjtrtm shield wall be- 
fore reaching the experimeiiial cave. 

The upstieum collimator was constructed of 
brass by matching four brass blocks and combin- 
ing them together intersiK'rsed with 0.2.5 mm 
shims. The total thickness of the collimator was 
y.4 cm and the o|>cnlng was 0,25 mm > 0.25 mm. 
The colliniattir was mounted on a shuli with pro- 
vision being made for the udjusimcni ol' the col- 
llmaiion axis to corie.spond with the beam direc- 
tion. The collimator and shaft assembly were 
mounted on a vucuunHighi plate with the shaft 
passing through “C)-ring‘* vacuum seals in the 
plate, which in turn, formed a side of a rectilinear 
box In the beam line. The mcninting shaft was 
connected to a linear drive motor. A motor sersx) 
system and micrometer-type measurement .sjstem 
allowed the shaft to be moved over several inches, 
with positioning accuracy of better than 0.25 mm. 
Thus, the collimator would be posiiioned accurate- 
ly in the beam, and removed when desired, 'fhe 
servo control and power unit Ibr the .shaibdrive 
system were packaged in ti .separate unit and con- 
nected to the shafidrive moiur system through a 
cable and multi-pin connector. The collimator 
could, titerelbre, be removed from the beam for al- 
lignmeni purposes and reinserted quieklj and ae- 
curutely for data taking. During cxpcrimem.s with 



I’jg. t. S'thymulif tirawitiii ot ihv Pmiccum Pattiefe AccdviaUir 
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human Hubjccis. muvamem of ilu' wollimaiur was 
presumed by dii,eonneel»ng the servo-wontro! and 
wir>ing il into the eAiH.'rinK*nial Cave. ilucau*>e the 
hynuhuunm ssas uli..idy o(scr«ijng near muximum 
iiitensii). ua’idenial intense pulses were impost* 
ble. 

Secondary particles generated in the collimator 
were .ssvept out of the main licam by a bending 
magnet. The magnet cunvnt was bUt to ftHius the 
uncollimated .synchnuron beam onto the final col* 
hmator on the subject alignment table. The main 
collimator opening vvua chosen to by such that 
when it svas inserted in the beam line only occa- 
sional particles pass through the final collimator, 
ikeuusc the beam imensily reduction was 
achieved by colHmation, the only way to prevent 
more than one particle passing through the final 
colHmuior and striking the subject's eye was to re- 
duce the Intensity so that most pulses arc empty. 
The experimenter waited until a beam pulse re- 
sults in a particle emerging from the downstream 
collimator. Because the synchrotron was operating 
at optimum intensity, reusonubly stable beam in- 


tensiiies were attainable and a particle typically ar- 
rived at the target within a few acceleration cycles 

3.2. BiVAt At 

An improved version of u i)nc*at*u time facility 
has recently been ilcvcloised at the Bevalac at 
l.uvvience Berkeley laiburaioiy. At tire Bevalac, the 
Uilue acts as a source of heavy hjns which are 
transportci) to the Bevatrun where they arc acccle* 
rated to retailviMie velocities" A resonant e\- 
ii iction .sy stem Is used for delivering beam pulses 
into a secondary beam line leading to Biomedical 
Cave 11 A diagram of the beam line is given 
in fig. 2 where again transport and focusing mag- 
nets not essential to ihis discus.sion are nut 
shown. Again, no siruetuiul modifieaiion of the 
existing beam line was nccjssary. Oiv'y the final 
collimator which defines the exposure a ea (circle 
of 2 mm diameter') was added. 

In operation the Bevatron aird the beam line for 
Biomedical Cave U ar'C tuned at optimum beanr 
intensities. The number of runs in each piil.se is 
then reduced at ilic source, i.c., the I lilac. The I'C- 



EXPERIMENT 


l it!. 2. .Sirhcnimic uf ilie Bcvnlac rnciiil.v as scl ita lor .sinyl^; parlitly o|ioraiiim in ItioiiH-dical Cave It. 
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suiting inU‘nsit> ol’ ihc beam circulaiing In ihc 
syiiUirnirun is lou Icm in the onc-at-u-time mode 
for normal Bevauon uming priced urc.s to be cfCee- 
livc, and the beam operaior.s must rely on a sein- 
lillaliun detector in the cxirueied beam line for 
monitoring. The beam pulse can be as long us 
.SOO-ISOO ms. The injection beam Is then atlcnii* 
ated by u lacior of 10' by collimating sieves. Two 
scimillalion dctecior.s In coincidence (one placed 
upstream and the other ju.si downstream of the 
collimator in the light (lash experiment in front of 
the subject’s eye) detect the first heavy ion to 
emerge from the collimator opening. The coinci- 
dence signal terminates the extraction of the re- 
mainder of the beam pulse from the synchrotron 
and triggers the insertion of the beam plug. The 
rcsoivancc extraction system can be shut down in 
Kl,5 nis to prevent the delivery of subsequent 
particles in the pulse. The beam plug cuts off the 
beam within J s and ntcchanicully prevents the de- 
livery of additional pulses. A continuous range of 
ion energies can be obtained by inscrilng the pro- 
per absorbing material in the beam line upstream 
of the bending magnet and modifying the beam 
optics downstream of the degrader for the new en- 
ergy. Sccondaric.s genci'atcd in this way will) be re- 
moved from the beam that enters the final colli- 
mator as a result of dispersion in the bending 
magnet. Beam fragments of the same momentum 
created near the end of the degrader are not re- 
moved from the beam and arc not necessarily 
completely rejected by the coincidence .signal. 

Beam trials have been carried out using 400 and 
594McV/amu carbon ions w'ithoul degrading and 
with degrading by a Pb filter to 467 McV/amu. 
The system performed properly in both cases. To 
tc.st the fast shutdown procedures the beam inten- 
sity was .set 50 times higher than necessary (or de- 
sirable) for onc-ut-a-time operation. Thirty seven 
out of thirty nine pulses contained one particle 
and the remaining tsvo pulses contained only two 
particles each. At lower intensities no multiple 
pulsc.s were observed. 

Because many experiments involving single par- 
ticle delivery would involve human subjects or cx- 
pcrimciiicr.s remaining at or near the beam line 
during the experiment, the system must be made 
safe against intense pulses arriving aceidcmally at 
the experimental area by the use ol* redundant 
beam control systems. 

The redundancy was provided by three inde- 
pendent beam detection devices located at differ- 


ent places in the acceleration and beam delivery 
.sy.stcm of the Bcvaluc. Two of the.se devices acti- 
vated an existing ciicuil for rapid beam lutn off. 
The .system, when activated, clamps magnet refer- 
ence circuits to zero for the pcriurbaiion magnet 
(PI) which drives the beam growth for resonant 
cxiruction. A second circuit clamps off the refer- 
ences to the first three bending magnets in the ex- 
traction system (Ml, M2 and M3) and inseri.s a 
beam plug, l or normal operation of single particle 
delivery, the cut olT activation signal came from 
the first coincidence signal from the two phmo- 
muliiplicr-sciniillator counters at the subject area. A 
singles counter (.scintillator and photomultiplier) 
located where the external beam first dears the 
Bcvairon magnet (called FI) Is part ol the .standard 
beam monitoring lor low beam levels (<10—10'’ 
particles per pulse). A scaler pulse oui, preset in 
multiples of ten, would also activate the fu.st cut- 
off circuit. This cut off level was .set just above 
the count level necessary to give a few coinci- 
dences at the subject region. 

A grid nionitor in the injection channel from 
the Ililac, upstream of the 10‘‘ collimator, moni- 
tors each injected beam pulse. If the injected pulse 
exceeds a preset value, the rf i.s cut off and no 
particles are accelerated on that Bevatron cycle. 
This level was set to limit the beam at the IT area 
to less than 10’ particles per pulse independent of 
the other two cut off devices. 

4. Cuiicliisiuii //^ 

What i.s signincani is not ihavCsingle panicle de- 
livery system exi.sts hut rather lhal many, if not 
niost, acGcIcraior beam lines can be easily and 
quickly modified for occasional use as a single par- 
ticle facility. Thu.s expeiimcms uiili/.ing this type 
of facility can be accommodated witJtoui .substan- 
tial impact on other accelerator uses. 

We vvould like to acknowledge the support of 
NASA grams N.SG7170 and NSG9059, us well as 
support from the Fannie IlippcI l-oundatlon. 
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Visual Phenomerm Induced by Relativistic Gnrbon Ions 
Willi and Without Cerenkov Radiation ' 

AbKtmct. Etposin^ the human eye to {mlMdual carbon tons moving ,<t rett)- 
tivistlc speeds results in visual phenomena that Include point flashes, stmiks, and 
larger diffuse flashes. The diffuse flashes have previously been observed oy asiro' 
nauis in space hut not in laboratory experiments with particles of high atomic num- 
ber and energy. They are obserx’ed only when the nucleus niovcs fast enough to 
generate Cerenkov radiation. 

There have been a number of investi- fccied ilie rate ut which the Hashes were 
gatlons designed to determine the phys- observed. 

leal mechanism behind the visual phe- To directly cumpare the visual phe- 
nomena observed by astronauts when nomcna induced by H5CE particles with 
exposed to the radiation environment in and without Cerenkov radiation and to 
space (1-5). Our earlier experiments determine the eflcct of Cerenkov radiu- 
with muons, pions, and individual niiro- lion on ff/ subject's ability to detect the 
gen nuclei (i) showed that Cerenkov ra- parliclcsji' we initiated a .series of ex- 
diation generated w'ilhin the eye can in- posures |)f human subjects to HZE parti* 
duce visual phenomena similar in de- dcs at tlte Bevalac accelerator at Law- 
scriplion to those reported by astromiiils rence Berkeley Laboratory. Tlie details ^ 
in deep space {/). However, the muon of the facility devised to deliver HZE 
and pion data were obtained in experi- particles one ni a time tue given else* 
ment.s designed to simulate the passage where (7). Thi.s report describes the re- 
of an ion of highdtomic number, Z, and suits of the preliminary trials, which In- 
energy, £, with a pulse containing volved comparing carbon nuclei a! 
A » Z® singly charged panicles. This speeds above and below the Cerenkov 
raised the question of the extent to which threshold. The nuclei had kinetic 
the phenomena observed resembled energies of 595 MeV per nucleon and a 
those Induced by the HZE (high 7 and E) stopping power in water of 94 Me V-cinVg 
pai1icle.s encountered in space (6). More- at the higher speed, and values of 470 
over, experiments with neutrons, alpha MeV per nucleon and 103 MeV-emVg at 
particles, and nitrogen nuclei (5) showed the lower .speed. The carbon nuclei do 
that star- and streak-like phenomena not stop in the eye, nor do they lose a 
similar to some of those ob.s’ervcd in significant amount of energy in tra* 
space can be induced in the absence of versing it. The patterns of ionixalions 
Cerenkov radiation, presumably as the and excitations along the trajectories are 
result of ionb.ations and excitations quite similar for the two cases, and a sig- 
along the trajectory of the incident pur- nificant increase in a subject's ability to 
ii tide or its secondaries, This raised the detect the pa.ssage of a higher- velocity 

possibility that the HZE particles that nucleu.s through his eye would be aitrib- 
genernted visible puLses of Cerenkov iitable to Cerenkov radiation, 
light In the eyes of astronauts on Apollo After dark-adapting for 40 minules, 
missions would have been detected any- the subject aligned hiin.sdf to the beam 
way because of ionization eirects, and line by u.sing a personalized bite plate 
that while Cerenkov radiation may have and fixated on a red Ught-eniitiing diode 
influencetl the visual phenomena experi- mounted on the far wall of the darkened 
enced, it vvoiilil mit have signiiicantty af- room. This sdigued the head and eye 
.snrNn , voi. 201. ?i n : v (HiViS 07 .vJsw 2 h{n 4 i>i«>.soii c eim aaas 


thm U# i^m {^ariifili^'s tMemd at 
a»|l wiBsIft &f aboijl wfib lb« ©iifte axis 
B^ dafiaQii ^xaiion. An ittiUol alliit* 
mttti procatlttre was c«H*t|slat«tl btfara 
tlie cxjierlmtniaJ stssfens. A laser b«w 
wii$ tlirougb the btnm tollfmaior 
to tl»e sui^t's bead. When the laser 
spot f^U on the proper region of the eye. 
the bite plate wns lodied in position. The 
pnrllele beam pathway was directed 
away from the len* of the ej*©. After a 
fbreperiod that was varied itindomly 
front 3 to 4 seconds, a puts© of carbon 
nuclei or a eateh test puise (one contain* 
htg no partictes) was delivered. Tite sub* 
jeci signaled rcndiness by depressing a 
switch. He signaled detection (a hit) by 
depressing the same switch. The suldcel 
wiis also In coihmunication with the §*■ 
perintcnters In the control room by Inter- 
com. After each hit or miss, the subject 
was asked to conhrrn his response and 
describe the visuat phenomena for aii 
hits. The cros8*seellonal area of the 
beam was deiermtned by a 2-mnvdiamo* 
ter collimator placed in the beam line 
about 30 cm upstream from the subjects. 
Particles entcHng the eye were counted 
in coincidence by a sciiuillaior down- 
stream ftom the collimator just before 
the eye and a scintillator upstream from 
the collimator. 

In procedure i the subject did not 
- know W'hether a pulse would contain 
one, two, or no nuclei or whether tJie 
carbon miclel were at speeds above or 
below threshold. Catch tests were miv 
domly distHboied among the experimen- 
tal trials at a rate of approximately 40 



percent. Only one catch test in 81 result- 
ed in a positive response (false alarm) 
and titat visuat sensation w&s described 
as similar to the phospitencs that sub- 
jects observed when dark-adapted in the 
radiation-free environment. 

In procedure 2 the subject did not 
know whether the carbon ions were in- 
cident at speeds above or below thresh- 
old. Catch tests were not employed. In 
procedure 3 the subject knew wliethcr 
the particles in a particular series would 
amve at speeds above or below thresh- 
old, but catch tests were included, There 
were no obvious dlfTcrenccs between the 
data obtained by the three procedures. 

Tabic 1 summaritms ilie data for the 
three sUbiects under the piocodures fol- 
lowed, The visual phenomena were often 


Table I. Summary of procedures and results |or three subjects. 


Sub- 

jcci 

Pro- 

cedure 

Particle 

speed* 

Piil$e.s 

Par- 

ticles 

Hits 

Ditfuse 

flashes 

Streaks 
or points 

V.P. 

1 

Above 



8 

5 

6 



Below 

19 

23 

5 

0 

5 


3 

Above 

25 

33 

20 

13 

14 



Below 

22 

33 

2 

0 

2 

P.M; 

1 

Above 

35 

58 

14 

10 

8 



Below 

. 31- 

44 

3 

0 

3 


2 

Above 

16 

21 

7 

5 

3 



Below 

14 

18 

t 

0 

1 

V.B. 

I 

Above 

38 

56 

0 

0 

0 



Below 

9 

13 

0 

0 

0 

•AImjvc or below II 10 Coreilkov ihrcshold. 






-AiMjvc or nciow me wereuKov inrosnoiu. 
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/ “ Tablc2, Combined data for subj^^cts P.M. and V.Pftor single- versus muliiplc-particle pulses. 


Type of 
pulse 

I’nriictc 

speed* 

Par- 

liclcs 

Pulses 

Dciec- 
1 ions' 

Dimise 

Hashes 

Points 

and 

streaks 

Single particle 

Above 

S3 

53 

~"""‘'27 " 

18 

18 


Below 

55 

55 

8 

0 

8 

Multiple particle 

Above 

95 

42 

23 

15 

13 


Below 

63 

31 

3 

0 

3 
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coraplax comHinalfcms of dif)\i%e flevlit*. 
and .streak-s. One subject did ooi reixui 
any obsewlons of panicles eitker 
above or Itelow the ihrcshoid speed for 
Gemnkov rfcllatlon, 'fhe ability of the 
other two sufcdeets to detect carbon Ions 
was consiflenibly greater for speeds 
above ihreskold. The detection efllcie?i* 
cy for pulses containing one or two pmii- 
cics at speeds below threshold genemlly 
agrees with the detection cfftciency ob* 
served |»revlously for stopping alphas 
and nilrogeti nuctei 0). Diifuse flashes 
were observed only when the carbon nu- 
clei moved through the eye at speeds 
above threshold. They consistently &p» 
peered In ike region of the field of view 
that corresponded to (He location on (he 
retina where the beam particles exited 
the eye, which would be expected if the 
vismle components of the (Cerenkov op- 
tical shock wave (which pjppaptes to- 
ward the nasal region of the retina) initi- 
ated the visual process. The dtfftise 
flashes were similar in appeurnnee to the 
flashes Induced by muons and pions 0). 
This evidence Indicates that the difl\jse 
flashes observed in this experiment were 
the result of Cerenkov radiation. The 
more localized plicnomcna— streaks and 
pointlike flashes — were observed for 
particle speeds both above and below the 
Cerenkov threshold, which demon- 
strates that Cerenkov radiation Is not the 
sole mechanism for these phenomena. 

Figure I is a schematic drawing of typ- 
ical vlsuaJ sensations described by sub- 
jects P.M. and V.P. For both subjects 
the diffuse flash occurred in the right- 
hand field of view in the area shown. 
Both subjects reported that streaks often 
accompanied the difluse flashes. Wlien 
they did, a definite temporal sequence 
was observed. The difluse flash appeared 
first, followed by the streak phenomena. 
This Is the opposite of the physical se- 
quence of events, in whicli the particle 
enters the icglon of the eye where the 
streaks arc observed and exits in the area 
of the diffuse flash. This sequence takes 
less than 10 x 10“'* second from en- 
trance to exit. The streak.s appeared to 
be moving from right to left in the visual 
field. The streak phenomena for subject 
P.M. were at a location corresponding to 
beam cntrancci for subject V.P. they 
were not alsvnys at sucli a Jocmion. For 
both subjects a single carbon ion often 
resulted in the obscrvalioii of more than 
one streak. Subject V.P. reported the ob- 
servation of curved broken streaks of the 
type shown in Fig. I , 

The length of the long bioken trajec- 
torie.s is far greater than could be ex- 
plained by path lengths in the retina. 

snrNt'i . viH. ?oi 
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ThU K ctinbihicnl vmh the uhvervatiitriH 
of three fcubjcct^ exptjwtti to inUivWual 
nili>r»eri ionx Ml the Prmccton Birliek* 
Accelerator Uj. Bntkcn xlieukH have 
lieen i)h«.crvecl in space anU in lahoruiory 
cxpetimcnis i5). It possible that frstf* 
mentation of the carbon nucleus ami in* 
Icntciiuns (hat Ictul to the formation of 
nuclear stars play a role in these effects, 
but further study is needed. 

Table 2 shows the data for subjects 
P.M. and V.P. and for pulses coiitaltilng 
one or more particles. Their ability to de- 
tect pulses containing one particle was 
not signiheantiy diflferent fVom their abili- 
ty to detect pulses containing more than 
one particle— that is, the detection elTi- 
cieiicy per particle was far less for mul- 
tiple-particle pulses. Tobias and co- 
workers (5) also reiKuled a dependence 
of the subject's ability to delect HZB 
particles that did no! produce Cerenkov 
radiation on the number of particles in 
the pulse. Table 2 shows that the effect 
holds true for the diffuse flashes, which 
were shown atmve to be' due to Ceren- 
kov radiation and hence optical phenom- 
ena. 

in summary, carbon nuclei entering 
the eye are detected more often at 
speeds above the Cerenkov threshold 
than below. This finding lends strong 
support to the hypothesis that Cerenkov 
radiation plays a major role in the visual 
phenomena observed by astronauts in 
deep space. Large diffuse flashes arc ob- 
served only at speeds above threshold 
and occur only at the location in the field 
of view corresponding to beam exit. 
They are similar in appearance to the 
large-area llishes previously obscrvetl 
with muons and pions. These data sug- 
gest that an important mechanism for 
these large flashes and possibly for those 
observed In space is Cerenkov radiation. 
Furthermore, the large flashes observed 
in space can be generated by nuclei with 
atomic numbers as low as 6 and not only 
by nuclei of higher atomic number. 

P. J. McNultv 
V. P. Pease 

Departments of Physics and Social 
Sciences, Clarkson Coilese, 

Potsdam, New York 13676 
\ V.P. Bond 

Brookhaven National Laboratory, 

O^ton, New York U973 
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ROLL! OP NUCLEAR STARS IN THE LIGHT 
FLASHES OBSERVED ON SKYLAB 4 


\K J. McNUUTV, R. I*. I- RO niWEUL*’ 

, 't’larkson Collei^e orTeclmolasj** Poisdaim N.Y.. USA 

"Air Farce Otfophyiiipi I.Hl«mvuir> (AI‘St’>, lltuiseum Air F'otvv Bane. Ikilfarcl. Vl»n«,. USA. 


AlHstmci, Tlie ii&imiumiH on .S'k> loh 4 observed bursts of imeiise vlstuil lighidltisli nctlv ity wlien tiiclr 
spucecraB passed ibrmiglv the pvirtion of the carili's inner trapped rmbBtian bell known ns ilieSauih 
Ailanile Anormil) iSA A I T wi» evperinientnl sessions were eurricd out on bou»d Sk>lab 4 under the 
inispices of Pinsky fiat, who eomfuiretlie flasli rates with the ineasurevl flux of / it i miriides iliai 
wonM puss iltrouidt tbcastromim’s eyes. They eoneluded that the flash rales, wltielt beeame tis great 
us 20/raln. wtre aiioonilously' high. \Vc explored n number of tiliernaiiw eNpluiwiions for the 
unonmlous (lush //. , ; »j| would be eonsisteni with the tieeepied .S A A flux v allies and the lafnirntory 
data on ptirlide ii. aI xisual scnsaiions tind finnid that when one indudes the elTeet of nuelear 
interitcijons in and iiear the retina whieh result in star fonniiiion (the emission of slow protons, 
neutrons and alpha part ivies from the nueieus in an cvapornliondlkeproccss) the oppurem imomtdy 
Is removed. 

- 

I. INTRODUCTION 

Asipomuits on Skylitb 4 Inivc coiinmu'd (he obscrvniion In eiirih orbit of llashes of 
light when their eyes arc tidiiiMed to tlnikncss for 10 min or more. The unex|yectet^ 
fcitture was the occtisumnl 5 Ifl-min bursts of Intense vLsuul !lgbt*nush activity. Drl 
P,dward Gibson, the scicnee pilot, was able to correlate the oeciirrencc of these bursts 
with the passage of the spacecraft tltroiigh die portion of the earth's inner trapped 
radiation belt known as the Stnitb Ailtmtic Anomaly (SAA). 

These reports prompted two .scptirale liglitdlasli observing sessions conducted by 
U.-Col, William Pogue, the pilot, in co-operation with a team of NASA and 
Univcrrity of Housion seieniisis. After careful analysis of Pogue’s ob.scrvatlon.s. 
Pinskycra/.fljconcluded that thclhish rulcsin the SAA were considerably higher than 
would becxpceled basetl on the measured llux of singly jind multiply charged particles 
that passed through the astromial's eyes, The anomalously high flash activity led them 
to postulate the existence of a previously unobserved inner belt flux of mill I i ply charged 
nuclei in the SAA, 

In what follows we show that when one includes the effects of nuclear interactions in 
and near the retina and the physiology of the retina one oblain.s an alicrmitivc 
explanation for the high flash rates that Iscon.sistent with the accepted SAA flux valuc.s 
{2J and the limited laboratory data on particle induced visual .sensations in human 
subjcc!sf3‘IO].Thecsseiitial feature of our model is that it includes, first, the induction 
of visuVI sensations by nuclear interaciion.s tiiat lesifli in star formation (the emission 
of slow protons, neutrons and alpha particle.s from the nucleus in an evaporation-like 
process) and, .soeoiully. the lacl that the dark-adapted retina is known to integrate 
signals over tlisianeos as great as 300/im in the retinal layer, 
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2. POSSIIll I \imi\NISViS 

Theiv IS no j^envrallv aiwined mwvli.uiisin for pailidv’ iiulua'd viniial plu,*nunH’ij.t 
thiit h applicahk‘ lo llK‘ Sk>lah dala. CVieiiktn radialiuiu »\liich lsc\pv*ck’d lo Iv llu 
cause ofa major porii»»n of ihc Hashes ohsei v ed tut Apollo iliehis in deep space] 1 1 1 4j. 
is noi evpeeted lo cimlnbuic sijtmlkanliy lo die Skylab iliishes because u»o Urn ofihe 
ineideiil panicles in ihe SAA would geneialet‘eaiiko\ lijiht in sufncienl iniensity u> 
exceed llie optical thresholds for deteciii>n [15, 16). 

Tliere is no (.juaiuiiatlve mi>dei for the luin-Cerenkos Hashes. It is mu even known 
whether the concept of ihreslu)ld which is so useful in modelinf the detection of 
optical and (‘erenkovliiihllK. Id 14} heven valid fonion*relaiivistic particles. In fact 
thetv are some data which ysuggesi that particles with LI; f values above Id keV /nu • 
incident lanpentiall) to the posterior portion of the retina are detected with rmiyhly 
40 eflleieney at exposure rates of 10 per see but with less than 5 efiieieney at rates of 
I per see t-*'). 

In their analysis of the Skylab data. Pinsky li itl, )1) assume that t'a ve me two 
Uireshold requirements that must be salisHed simultaneousty for the detection of a 
particle: the linear energy transfer (I.HT) must exceed .'7 keV /an * and the piU iieie 
must have a path length through the layer of photoreceplor elements that exceeds 40 
/<m. riicse values were obtained b> best lilting the Hash rates observed on Apollo Highls 
in deep space and Skv lab 4 outside the SA A. The retina was assumed to be unlforml) 
sensitive. In order to obtain the lowest possible values i>f these parameters, the 
eontribuliou from (’erenkov radiation was ignored In lilting the mm-.S A \ dala. Fven 
with these assumptions they found that not enough ofihe trapped pailieles would 
exceed both requirements Himultaneously to explain the S'AA Hash rates {!]. 


X MOPIIL 

The eye is considered in calculations to be a 2*em diameter siUiejc with l w ou birds of 
its area covered by a 30^'un lltick sensitive kiyer of retinal pholoiveeptor.s. In onler lo 
examine the evidence for anomalous Hash rates and compare our results with those 
given in[l]. we assume that the retina Is uniformly sensitive and that threshold isuvalld 
concept. Ilecausc the dark-adupied retina is known to integrate signals over disumces 
as great as .MH) pm we express threshold in terms of a minimum deposiiion vU'enctgv 
within a retinal stunmalion unit, consisting of a 300 ftm diameter regimi »m the 
se.usilive layer. Ifmore inan a threshold amount isdeposited, the unit is triggered ami il 
at least one such unit is triggered a Hash is detected by the astrcmaiil. 

The SAA panicles can slop in the eye. pat-s direelly through, or produce a nueleai 
star, Some of the prongs (protons and alpha particles) from a star may then pass 
through the retina, Iflhe star is located suriieiently close to the letiiia more than one 
prong may pass through the same retinal summation unit with the total energy 
deposited e.xeeeding threshold, A particle that exceeds the lirreshoid requirements fl] 
of 37 keV//m ' for I .H f and 40)<m for path ienglh would deposit more lluiu 1 .5 Me V. 
An imporiaut feature of our model is that put tides w ith l .l;'l values below 37 
keV /mi ’ might, by liaving path lengih.s greater than 40/mv. still deposit more than 
1,5 MeV, Such parlicle.s would not be eouiiie^j by ilie uuwlel given in (I) but would 
be included here. The eros.s-.seei ion for stm|' production is approximated by the 
geometrical ei oss-scci ion which leads to 0.025 interactions per cm of proton trajeelory. 
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NUCLI'AR STARS AND UcmT I I ASIU-S OltSI.RVIU) ON SKVIJUl 4 131 
The rchilivecoiitribulioiis of ihe tliiwi orSAA ptuiidthi fhrutinh (he rellmil 

summtUUm unlls and nuclear slur production dcix'itd upon lire liuvshold cnerfy lluti 
must !■«? dcposlicil in the sumniatioii unit for dctccliovt. as is shiovn In Rg I. The 
dashed curve repim'iils the flashes IhiU resiili frum S.\ A protons directly ami the soMd 
curve rcpressenls the eoniribuliint from star pf(jduciion. 1 1* I hresln>id exceeds I Me V the 
SAA protons themselves cannot produce fluslics. in atuwmcni with {ll* 



I'ijj. I. Reliitivc lumibcr uf limes I' n miniimini ciu'i'ijy /iLii is iK’ih'mIih! in ihe sUsilive I.iji'i- oftlic 
icliiiii lUiniuiliA'il 10 a 2 ‘Cin proiitti irajwdorj llirouj'li lla' eye I'iiiiiK'lt’i' ol rrlinal summation unit 


The (lux of'SAA protons is isotropic within the plane of the rtidiiUioii bell and at the 
orbitJi) altitude of 400 km !he trajectory inclination dispersion is ig5 , Col, Pogue was 
seated with bis visual tixis perpeiuliculur to the plane of the panicle trajectories. The 
shielding that had to be penetrated by a SAA particle reaching Pogue's eye depended 
upon its angle of incidence. The effective shielding thickness for various unglcs of 
incidence in the plane of the inippcd ptirlieles cun be summari/'cd. For 85 out of 360 
the incident protons must traverse greater than 1 1 g cm ^ ofshiclding and very few do. 
For the remaining 275 the pariieles have ptilh lengths through shielding of between 3.2 
and 3.8 gem ^ To correct for shielding losses, we assumed that only 275/36U of all 
protons with kinetic energies above HO \1eV reached Pogue's eye, I'he SAA spectrum 
used in our calculations is that given in RJ. 

A .Monte Carlo calculation wai. performed to follow all possible interactions 
through the eye and a “pulse height" spectrum of events was generated. The number of 
protons and alphas emitted by each star and (heir energy dislribulions were estimated 
from Powell ('/ n/. 117] and the Fermi evaporation model. 
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P. J. McNUl.'t Y. H. C. I ll-Z aiij P. L lUn ilWF.l U 
4. RFSUI IS AND DISC'USSION 

TIu* muJcl ihm li^^hHla^h fiillH olT nharply wlih incaMv 

(lirt‘!»hoW, is iilusmiwd In I i|. 2, The UtisheU curve, ^x^prcHenls ihe conn ibuiiun li i 
SAA prulons ihui pusslhivuiih ihe ivUn*i. Tbesaiitl curvereprrwenl& llKnueai ^In 
pn>n|s Trom OMclear slurs In the occular mciliu Ucpinii mure tinm the ihresh** 
nmminl of energy In at least one summation unit in the pliotorece|itor layer. The w\ 
curve In Tig. 2 doe** not inelutle the contflhulion from stars tlntl oecui outside tl 
sphere dellned by the layer of plnurireeepiiu s and should, iherefoiw be considered . 
undeiifsiimttllng the flush activity. I* ven so the solid curse in Pig. 2 shosvs hash uctlsii 
coniptirable with Pogue’s rates in the SAA lot thresholds of the order of a few Me\ 



|‘ili 2 . t'tiVfiT niK*s calviiliilcil fur ihc S'\A aiHt fyiicUon af lijreshuUI /.ih fii.i-iwict »i i.’un a mi h* 

rtJiiiion unit 

A careful comiiurisun of the model w ith Pogue’s observutiisus is not p*>ssiblc in the 
absence of threshold mcu.surements. At pre.seni, it is only possible to c.stimnlc 
reasonable value.s and, perhaps, e.slablihli a lower limit. Movveser. our purposes are 
.salislicd if we can show that Pogue's observations are compatible with the available 
data yithoul the inner belt Hti.v. of multiply charged nuclei postulated in |l}. U was 
slunvif eurJier that the astronaut observations outside the SAA on Skylab and in deep 
space on Apollo suggest a threshold valueofabout 1.5 MeV.The lowest l.in'al which 
individual ll/.l; particles have been ’’seen" in the laboratory is 10 keV /mi ' at grazing 
Incidence at the retina. Such panicles could travel almost the fuH dOO/mi through a 
retinal .summation unit and deposit as tnuch as 3 McV. The solid curve in Tig. 2 
predicts ratc.s of 10 Hashes per mimitc for a ihre.slntld of ahoat 2 MeV which is in 
agreement with the above estimates. 


Nl?C|J AK Kl AHS AND MCill I M ASMI H OjiSl KVI 1) ON HKYI.AII 4 m 
Dili* llirul ol‘Hnv.uiiin is tlml llv* H.isIhs tciiil u» icsiiil fiiHU ihc uucKmi' Mars Ihat lit,* 
doM.’si hr or tt iUiin thv retina. (1 A show it c^pliciilv in I ij* \ wliere ihv |viwentaiie of 
Hash puutucin^ siars tlml rwur in iHe tetnial s^juMuve lajei is phnted us a funvtion ol 
the IlnvsIioKlenertij retjuircilloescife.i simnuatuni unit I’hc hitihc! llu.l ihrcshoUl loi 
11 rcUnal sumunition imii k ihe clovr the siui mnsi he S4» ilmi ciuuivh of the proiiiis 
enter the retina wiihin the unit j he sharp ti>e in the isereemat'e at a ihreshokl of 5 h 
VleV upparenll) renevts the iiwvd ol multiple pioiii^s to eseeed ihiesholtl w ithin ii unit 



l ijl .t. Pcu’tfntiijji' H i'f c>i.**lla4t puMtaihe sims ihal nmir soihin ilie ?ii.;(maliiv.-lv laji’r tif 
plunnivvcpiats, /-It, ’ ihreslii’ilvl enciyy; itianulvr ol vctiniil oannniUion laiii »« • riin^v* ul 4. ft 

M0V pmUnt 

5, CONCLUSIONK 

Ririher esperimentation is requir-tl to detennine the role that strong mielear 
interactions play in pariiele-indueed visual phenomena, 'fhe model proposed h«.*iv is 
consistent with the kiunvn physiology ol* the retina and the SAA parliele Ihiv values 
that are given in the lilei alure. There is presently no esperimenlal basis Tor preferring 
the llireshold reiiuiren'ienis of[ l| to those preset d liere. Oi/r model has the advantage 
of removing the anomaly in the high llash rate‘s measured on Skylah -1. 
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Abstract 

Two types of large scale Integrated dynamic Random- 
Access -Memory devices were tested and found to be subject to 
soft errors when exposed to protons Incident at energies 
between 18 and 130 MeV. These errors are shown to differ 
significantly from those Induced in the same devices by 
alphas from an 241 ^ni source. There 1$ considerable varia- 
tion among devices In their sensitivity to proton-induced 
soft errors, even among devices of the same type. For pro- 
tons incident at 130 MeV, the soft error cross sections 
measured In these experiments varied from 10"° - T0"° cm^/ 
proton* For Individual devices, however, the soft error 
cross section consistently increased with beam energy from 
*18 - 130 MeV* Analysis indicates that the soft errors in- 
.duced by energetic protons result from spallation inter- 
actions between the incident protons and the nuclei of the 
atoms comprising the device. Because energetic protons are 
the most numerous of both the galactic and solar cosmic rays 
and form the inner radiation belt, proton- induced soft errors 
have potentially serious Implications, for many electronic 
systems flown in space. 

1. Introduction 

The soft error phenomena are becoming an important envir- 
onmental problem for electronic systems flown in space. 
Soft errors or bit upsets are anomalous changes in the infor- 
mation stored at certain locations in a semiconductor memory 
device without observable damage to the device itself. They 
represent a limitation on systems flown in space. In elec- 
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ironic systems the soft errors must be either avoided by the 
proper choice of circuit components or corrected through 
software. Both approaches involve significant design changes 
and increases in the mass and bulk of the system package. 

Our present understanding of the soft errors begins with 
the simulation studies by Binder et all that gave\evidence 
that the soft errors previously exhibited by bipolar] digital 
components flown in space were the result of the passipge of a 
heavy cosmic ray nucleus with an atomic number above iron 
(Z>26) through one of the sensitive circuit elements of the 
device. 

The soft error rates observed on satellites have increas- 
ed significantly since then, presumably as a result of the 
introduction of large scale integrated (LS!) devices into 
the electronic systems being flown.^tS jpe decrease in 
volume occupied by each element on the LSI chip results in a 
corresponding decrease in the increment of charge needed to 
differentiate between the logic states of an element. This 
has led to an increase in radiation sensitivity for LSI 
devices that was illustrated recently by May and Woods^"® 
who demonstrated soft errors in LSI devices exposed to 
alphas. Presumably the radiation sensitivity of the devices 
will Increase further as devices are reduced in size (i.e., 
increase in the number of circuit elements per device) from 
LSI regime to that of very large scale integrated! (VLSI) 
'circuits. Because of the naturally occurring alpha emitters 
almost all materials, including those used to Jacket 
mCiiory devices, there have been a number of recent studios 
cf the environmental iniolications of alpha-induced soft 
errors.^"' Guenzer et al° recently demonstrated neutron- 
induced soft errors in 16K dynamic random- access-memory (RAM) 
devices with 16,384 (16K) memory locations. 

Since protons are more numerous than any of the heavier 
cosmic ray nuclei at almost all locations in space, a series 
of experinients were initiated to determine whether protons 
contribute to the soft error problem. These experiments are 
described in some detail in Section III. Physical mechanisms 
previoc>,ly proposed to explain anomalous signals observed in 
Defense Motoorolog^cal Satellite Program (DMSP)^ and Landsat 
satellite systems and in the human visual system are descri^ 
bed and considered as sources of soft errors in LSI circuits 
In Section II. Protons would be most likely to deposit a large 
amount of energy within the microscopic volume of a sensitive 
circuit element if they either traverse the sensitive element 
near the end of their range (where the rate of ionization 
loss 1s greatest) or undergo a nuclear interaction in or 
near the element. In Section IV the results of testing with 
two types of 4K dynamic RAM devicos demonstrate the existence 
of soft errors induced by protons both at high energies and 
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near the end of their range^^. Analysis shows that more 
than one type of target element on the devices is sensitive 
to proton interactions. 

II. Mechanisms i 

Any model of the soft error phenomena will almost cer- 
tainly involve the interactions of energetic charged part- 
icles with so>ne sensitive microscopic volume element or 
elements on the device. These sensitive regions may corres- 
pond to the memory cells themselves, the reference capacit- 
ance elements, the bit lines, the sense amplifiers, or some 
other circuit structures on the device, Any mechanism would 
then involve the creation of electron-hole pairs in or about 
the sensitive structure. Similar microdosimetric consider- 
ations played a role in earlier studies of another cosmic ray 
induced transient phenomena, the light flashes experienced by 
astronauts as a result of exposure of the human visual system 
to the cosmic rays. (The term light flashes denotes a variety 
of visual phenomena experienced by Apollo and Skylab astro- 
nauts with their eyes closed and adapted to darkness. ^2,13) 
Laboratory simulations using human subjects exposed to accele- 
rator beatnsl^“22 and theoretical studies23»27 indicate that at 
least three different physical mechanisms contribute and, 
depending on the type of visual experience or the region of 
space, any of the three might dominate. All three are poten- 
tial mechanisms for soft errors in electronic memory systems. 

The first mechanism is ionization loss along the tra- 
jectory of the primary cosmic ray nucleus. The rate at 
which the particle deposits energy along its trajectory is 
known as the linear energy transfer (LET), and some experi- 
menters found evidence of a threshold LET for visual phen- 
omena.l'»2y This implied that the probability that a visual 
sensation v/ould be experienced depended upon the amount of 
energy deposited (or the number of ionizations created) 
within a retinal summation unit, a microscopic volume on the 
retina less than 300 n in in diameter and 30 u m thick. 27 
These retinal summation units typically integrate signals 
over a thousand or more photoreceptor elements. The simi- 
larity to the standard soft error model is striking. 
Figure lix shows schematically a heavy cosmic ray nucleus 
traversing one of the microscopic circuit elements on an LSI 
device. The conventional model for soft errors requires the 
deposition of a threshold amount of energy in or about the 
depletion region of such an element. 

The second mechanism by which an energetic charged 
particle can deposit the same, amount of energy within either 
a retinal summation unit 2^ » 2b, 2 7 or a memory element ^^*‘*"*29 

is by moans of a nuclear interaction betv/eon the primary 
particle and a nucleus of the medium.. Figure 2 shows a 
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Fig. 1 ' Schematic representation of a high LET particle tra 
versing an LSI circuit element. 
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Schematic representation of a cosiinc-ray interaction 







schematic representation of a cosmic -ray -induced nuclear in- 
teraction in a circuit element. The total energy deposit- 
ed in the sensitive volume about the depletion region is the 
sum of the energies deposited by each of the secondary charg- 
ed particles emerging from the event (mostly protons and 
alphas) and the recoiling nucleus. The relative contribution 
of the recoiling nucleus Increases as the dimensions of the 
sensitive volume decrease. The trajectory of the primary 
particle is shown incident normal to the device, and the 
track is represented as that of a near minimum ionizing 
particle to emphasize the fact that nuclear interactions 
provide a mechanism by which low as well as high LET partic- 
les may Induce soft errors. 

Proton-induced nuclear stars provide a mechanism to 
allow low LET trapped protons to Induce the unexpectedly 
high light-flash rates observed when Skylab entered the region 
of the inner radiation belt knov/n as the South Atlantic 
Anomaly. Moreover, they provide a reasonable explanation 
for the imperfections or blip? in satellite photographs that 
were found to be correlated with the energetic proton flux 
incident on the DMSP spacecraft. 9 A major goal of the re- 
search described in this paper ms to determine whether nu- 
clear interactions contribute to soft errors in LSI devices. 

A third possible loss mechanism is Cerenkov radiation. 
This mechanism requires an appropriate amount of transparent 
material in front of the sensitive region. While this condi- 
tion is satisfied for the light flashes experienced by astro- 
nauts^2 ft does not apply to LSI devices. Cerenkov radiation 
should, therefore, be a poor source of soft errors in LSI 
circuits. 

I \ 

III. Methods 

The LSI devices studied were 4K dynamic RAMs, Intel's 
C2107B and National Semiconductor's MM-5280. The higher 
energy proton exposures \/ere carried out at the Harvard 
Cyclotron. The configuration used for these exposures is 
shov/n schematically in Fig. 3. The 158 MeV beam from the 
cyclotron passed through 0.318 in. of brass, emerging at an 
energy of 130 MeV. The beam energy at the test device was 
controlled by inserting lucito degraders into the beam up- 
stream of the chip. Exposures were carried out at beam 
energies, at the test device, of 18, 32, 51, 91, and 130 
MeV. The beam energy v/as relatively vvell defined at the 
higher e/iergics 2 MoV at 130 MeV) but quite spread out at 
18 MeV,4± 9 MeV). All proton irradiations to date v/ere car- 
ried 4(?t at normal incidence. The device being irradiated 
was (Connected by about 3 ft of flat ribbon cable to a memory 
huard of an 8080 CPU based Imsai Microcomputer. The device 
remained an integral part of the system's memory during 
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Irradiation. Tho microcQinputef was connected by means of a 
switch register to a terminal, a printer, and a digital 
plotter located outside the radiation area. The operator was 
free to reset, reinitialize, and transfer control among the 
terminal, printer, and plotter without entering the beam 
cave. The memory was searched for soft errors either upon 
manual command, or automatically after preset intervals. 

No soft errors were found in over 70 hr of running the 
search program with the accelerator beam off. Nor were anyi 
errors observed when the device was placed In the beam cave 
but not directly In the beam. For the data described In 
this paper, the device v/as Initialized at the beginning of 
each run with a checkerboard pattern of alternating ones and 
zeroes along each row and column# 

In 'Addition to the high energy: protons that were avail- 
able at the Harvard Cyclotron, exposures were made to proton 
beams at incident energies of 0.93, 1.3, and 1.8 MeV using 
the RARAF Van de Graaff Facility at Brookhaven National 
Laboratory. These exposures were carried out to determine 
whether Iprotons could induce soft errors without nuclear 
interactions. These beams had LET values in silicon of 42, 
35, and 28 KeV/ M m compared to 1 - 5 KeV/ u m for the cyclo- 
tron beams. If Ionization loss was a significant mechanism 
at the cyclotron energies p 8-1 30 MeV), then the same devices 
should be even more sensitive to the low energy protons. 
The Van de Graaff proton beams typicany had a full-width- 
half -maximum (FWH.H) spread in energies of only a few percent 

but included a 5*^20% contamination of lov/er energy protons. 

/ {. 

For comparison irradiations of these devices also v/ere 
carried out with 4.3 MeV nuclei at the RARAF Van de 
/^Graaff. The beam contained a contamination of approxima- 
' tely 20% protons. Exposures also were carried out to alphas 
from an >41 Am source. 

At intervals during the irradiation, a device exhibiting 
changes v^as tested for hard errors (i.e., damage to the 
memory at one or more locations) The test consisted of 
reading and writing new data at each address in a sequence 
of four or five steps that changed the information at each 
location at least twice. All the data presented in this 
report involved devices that were, as yet, free of observable 
hard errors. The occurrence of a hapd error was usually 
coincident with a sudden increase in the error rate. 

The layout of the Intel C2107B and the National Semi- 
conductor MM5280 devices are shov/n schematically in Figures 
4a and 4b, respectively. | In the Intel device the sense 
amplifiers divide memory into two regions while the National 
Semiconductor device is divided into four regions by two 
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series of sense amplifiers. The corresponding regions whore 
data is stored true or in compTemetrt form are shov^n. For 
the in|:el device the sequential memory locations occupy 
adjacent locations along columns in memory starting v/lth the 
0th location in the lower left corner and ending at the 
4095th location in the upper right. The memory locations 
are laid out in the National Semiconductor device In a some- 
what more complicated manner. The Cth location is at the 
center bottom of the memory array* as shewn, and the address- 
es are sequenced horizontally (see Fig. 4b in a repetative 
pattern of the form 0, 1* 3» 2. 4* 5, 7, 6. This pattern 
also determines the sequence of rows also and the memory 
locations 3068 through 4095 would occupy the second column 
from the top In Fig. 4b. 

IV. Results 

The most striking feature of the proton-induced soft 
errors is the correlation between the type of error and its 
address In memory. Such correlations v/ere evident In all 
the devices of both types tested. Typical soft-error pat- 
terns following exposure to 20, 32, 91, and 130 MeV protons 
are shovm in Figs. 5a - 5d for an Intel C2107B device. The 
corresponding patterns for 32, 91 and 130 MeV proton expo-r 
sures of a National Semiconductor MM5280 device are shown 
in Figs. 6a - 6c, respectively. Both figures are bit maps 
on which each error’s position represents its address in 
memory; the two-dimensional space of the figures is divided 
into 4096 memory addresses distributed in 64 columns of 64 
locations each. The map starts with the 0th address in trio 
lov/or loft hand corner. Memory locations 0-63 occupy the 
left edge of each figure, 64 - 127 the next column of loca- 
tions, and so on, until locations 4032 through 4095 at the 
extreme rightl of the display. 

The Individual memory locations are not shown in the 
figure except where a soft error has occurred. Errors 
which correspond to changes in logic state from one to zero 
are represented as slanted crosses and zero to one transitions 
as solid circles. 

The address space used for the error maps of Figs. 5 and 
6 corresponds to the physical sequence, of the memory locations 
on the Intel device (as shov/n in Fig. 4a) and not the sequence 
on the National Semiconductor devices. In both maps the 
soft errors corresponding to zero to one changes (solid cir- 
cles) and those from one-to-zero (slanted crosses) segregate 
into distinctly separate regions of iiieino ry. These regions 

are the same for devices of the same type and are delineated 
In the figures by solid lines,^ For the Intel devices but not 
for Ihe National Semiconductor devices, these regions are 
also the regions of trilb and complement storage. For both 


9 


device types, these regions of 2 ero»-to-one and one-to-zero 
errors reflect the architecture of the device in that they 
correspond to the regions of ones and zeros that are typi- 
cally obtained when the system is first energized, the so- 
called turn-on patterns. 

The Intel devices tested typically had turn-on patterns 
consisting of zeros in the upper half of memory and ones in 
the lower, and the National Semiconductor devices had alter- 
nating regions of eight rows each of all ones and all zeros. 
Turn-on patterns for the Intel and National Semiconductor 
devices are shown schematically in figs. 5e and 6d, respect- 
ively. By repeated power-ups of the main frame of the micro- 
computer, it was often possible to transform the original 
National Semiconductor turn-on patterns to one nearly its 
complement. 

The soft-error patterns in the error maps shown in Figs. 
5 and 6 vary appreciably with beam energy. Soft errors in 
which zero logic states changed to ones were particularly 
sensitive to the incident particle energy. The ratio of 
zero-to-one and one-to-zero type upsets is plotted vs Inci- 
dent provon energy in Fig. 7 for individual Intel and Nation- 
al Semiconductor devices. While the ratio increased with 
beam energy for all the devices tested, there considerable 
variation among devices, even those from the same manufactur- 
er. The data shown in Fig. 7 are from measurements on single 
devices and should bo Interpreted as a qualitative represent- 
ation of the trend to be expected from other devices of the 
same type. 

At low proton energies (<2MeV) all the soft errors were 
one-to-zero. The sharp rise in the relative number of zero- 
to-one errors with beam energy reflects differences in either 
the physical mechanisms of energy deposition or the circuit 
elements sensitive to upsets. The fact that these differ- 
ences are dependent on beam energy implies that different 
energy deposition thresholds are involved. 

Typical error maps obtained by exposing an Intel C2107B 
device to 4.3 MeV ^lle particles at the RAIIAF Van de Graaff 
is sho\^n in Fig. 8a, and a similar plot for a National 
Semiconductor device exposed to ^He nuclei (alphas) from 
an Am source is shown in Fig 8b. Again, the memories 
Were initialized with a checkerboard pattern of ones and 
zeros. Clear differences between the helium and proton data 
are evident v/hen Figs. 8a and 8b are compared with Figs. 5 
and 6. First, only one zero-to-one type errors occurred in 
the Intel device exposed to ^He and none occurred in the 
National Semiconductor device exposed to alphas. Besides 
the absence of zero-to-ono soft errors, the helium data of 
Figs. 8a and 8b exhibit considerably more structure than is 













-J I I « 1 f 

40 80 100 
ENERGY (MeV) 


Fig. 7 Ratio of zero to one to one to zero transitions vs 
beam energy. 


13 


f 


i 


K X X >C 



y ^ 

ex ^ JK 


X X 

x^x ^ 

> X X 

A A 

X X X ^ X X 

V V V V 

X 


Fig. 8 ra) Error map for Intel tK‘viccilG2107D exposed to - 
4.3 MeV 3 j|q, (^) error map for National Semiconductor 

device MM-5280 exposed to alphas from an 241 Am source. 






evidant In Figs. 5 and 6 for protons. The errors In Figs. 
8a and 8b occur aliTiOSt exclusively in certain columns. 
Moreover, in the Intel devices these columns appeared to 
fill from the center line in Fig. 8a dowm/ard. 

The soft error patterns of Figs. 8a and 8b appear to bg 
in agreement with the earlier studies of May and Woods^"® 
and Yaney et ar who concluded that a Ipha*- induced soft 
errors are not due to interactions in the memory cells them- 
selves; they found that the bit lines and sense amplifiers 
were likely targets. The column structure exhibited in 
Figs. 8a and 8b is much loss evident in the 130 MeV proton 
data in Figs. 5a and 5b, and the columns in Fig. 4a definit- 
ely did not fill from the center line down. 

The structure evident in the error maps and the vari- 
ation of the patterns with beam energy are not understood but 
appear inconsistent with models assuming that the memory 
elements are themselves the only sensitive targets. In that 
case the Errors would be randomly distributed on an error 
map, as in fact they are for errors induced by stopping 
heavy ions^. 

Soft Error Cross Sections 

Il f I. 

The soft error cross sections were obtained by dividing 
the number of first soft errors by the proton fluence. The 
soft error cross sections measured In this study are plotted 
in Fig. 9 vs beam energy for the Intel and National Semicon- 
ductor devices. Data points obtained at different energies, 
on the same devices are connected by lines. Considerable 
variation among devices by the same manufacturer is evident, 
but for the same device there seems to be a clear increase 
in the soft error cross section with energy. Tills increase 
occurs despite the fact that the LET and the tot»Jl inelastic 
cross sections are decreasing v/ith increasing energy over 
this intcr^l. The explanation, presumably, lies in the 
fact that the average eviPray released in the interaction (and 
that transferred to the recoiling nucleus) Increase with beam 
energy, and the cross section for events which result in large 
local depositions of energy nrobably increase with beam energy 
over the range 18-130 MeV.^o 

In the series of irradiations discussed here, the memory 
was reinitialized each time a soft error was discovered, and 
the records (for a number of device exposures were examined 
to determine v/hether the sensitivity of the devices varied 
with exposure. No evidence for significant changes in the 
soft error cross section for first soft errors as a function 
pf dose were found.'' , 

The devices were found to be less sensitive to the low 
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Fig. 9 Soft error cross section vs beam energy. (Lines 
connect data points obtained for the same devices; circles 
and triangles represent National Semiconductor and Intel 
devices, respectively. 



energy protons despite their much higher LET values (E6-42 
KeV/ M m vs US Kev/ u m for the cyclotron beams). Table 1 
gives the proton errors observed in a number of different 
devices exposed to 0.93, 1.3 and 1.8 MeV protons. Tor most 
of the devices the soft error cross section was zero. The 
non zero cross sections in Table 1 are not necessarily evi- 
dence that the device is sensitive to individual low energy 
protons. Individual elements on the device would experience 
enough proton traversals to absorb 4 MeV or more within a 
refresh cycle at rates that were greater than the observed 
error rates. However, in the data given in Table 1» there is 
no evidence of dose-rate dependence of the type to be expect- 
ed multiple hits were required for a soft error. 

Different circuit elements may become sensitive to soft 
errors at the higher proton energies as a result of the higher 
local energy deposition through interactions. This v/ould be 
consistent with the changes in the type of errors evident in 
Figs. S - 7. 


V. Error Rates in Spacecraft Systems 

The soft error cross sections plotted in Fig. 9 range from 
10"® to 10"^ errors cm^/proton at the higher proton energies. 
If, in the absence of measured values, the soft error cross 
section is assumed to be constant at energies above 130 MeV, 
ther» the soft-error rates to be expected in space can be 
estimated. A spacecraft system with Id® bits of memory 
distributed in 25 memory devices of the type tested in this 
study, flying in a region of deep space characterized by an 
energetic proton flux of 2 protons cm“2sec"V, would exhibit 
proton- induced soft errors of from 0.04 to 4 errors per day. 
This is comparable to the rates currently being reported. 2 
The high proton fluence in space compensates somewhat for 
the relatively low proton cross sections. In the radiation 
belts or during solar flares, the proton-induced nuclear 
interactions would, of course, be greatly increased, resulting 
in correspondingly higher soft error rates. 

VI. Conclusion 

Energetic protons have been shown to induce logic upsets 
in two types of 4K dynamic RAM. These devices imust, there- 
fore, be soft error sensitive to the entire charge spectrum 
of the cosmic rays. The cross sections measured for protons 
are at least four orders of magnitude lov^er than those meas- 
ured by Blanford et al.2 and Kolasinskl et al.^l for 180 MeV 
stopping argon and krypton ions incident on similar devices. 
In the latter case the measured cross sections were compar- 
able to the cross-sectional areas occupied by the sensitive 
regions of all the memory cells on the device, and those 
data apparently are consistent with the hypothesis that a 





heavy Ion must deposit 8-20 MeV or tnore within the sensitive 
volume associated with a memory cell In order to change the 
logic state of that element* 

The lower soft error cross section protons may still be 
a significant source of upsets In memory systems flown In 
space because the lower cross section Is compensated by the 
fact that protons are considerably more abundant In space 
than are heavy Ions capable of depositing 3 MeV or more In 
ionization loss along a few microns of trajectory. The 
proton contribution to the radiation-induced soft errors to 
be expected for specific devices flown in space can be deter- 
mined experimentally using protons available at accelerator 
facilities* 

The range of proton soft error cross sections measured 
in this experiment (see Fig 9) are clearly smaller than the 
physical dimensions of any LSI circuit element. The exact 
dimensions of the element that might be sensitive to soft 
errors are not knov/n because of proprietary restrictions* 
and their determination was beyond the scope of this work* 

The soft errors Induced by protons with Incident energ- 
ies betv^een 18 and 130 MeV exhibit clear differences from 
those induced by alphas as shown by comparing Figs* 
5 and 6 with Fig* 8. The structure evident In the error 
maps and the differences between zero to one and one to zero 
type errors distinguish proton- induced soft errors from those 
reported recently for stopping argon ions.3»31 /\t low ener- 

gies the differences from alpha-induced upsets is less pro- 
nounced* This is consistent with the findings of Guenzer et 
al^ who report agreement between upsets obtained with 6-14 
MeV neutrons and rough predictions based on "n, alpha'* and 
“n, alpha n" cross sections* (During the preparation of 
this manuscript v^e have learned that Guenzer et al. have 
observed proton-induced soft errors at cross sections of 
approximately lO’^cm^. Their data will be Included in the 
published versidn of Ref. 8.) The alpha- induced soft errors 
and, presumably a significant fraction of the lower energy 
proton upsets, result primarily from events in other than 
the memory cells, probably in the bit lines or the sense 
amplifiers. As the proton energies increase the events 
become more randomly distributed in memory and zero to one 
upsets Increasingly appear. This may reflect a transition 
from "p, alpha" events to spallation events as the dominant 
mechanism for soft errors. The high energies released in 
the latter events make additional circuit elements available 
for soft errors* 

There is as yet no reliable single parameter which can 
be used to classify particles according to v/hether they will 
Induce soft errors in space. The value of the particle's 

0 ■ . 
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LET is jjossibly sufficient to determine whether a cosmic ray 
particle will deposit sufficient energy by ionization loss 
to induce a soft error if it traverses a sensitive volume 
element. However, a low value of LET does not rule out soft 
errors because low-LET nuclear particles can induce errors 
through nuclear interactions. Since only those interactions 
which result in a threshold localized deposition of energy 
can be expected to contribute, the total cross sections for 
inelastic nuclear scattering also are not quantitatively 
useful. The situation is further complicated by evidence of 
more than one type of sensitive circuit element on both the 
devices tested. 

The soft error phenomena is fast becoming a serious envir- 
onmental problem for systems in space. Considerable data 
involving a variety of device types and a broad range of 
energies are needed before quantitative determination of the 
severity of the problem can be made. 
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Table 1 Soft 

Errors induced by 

lov/ energy 

protons. 


Energy 

MeV 

Device 

Instanteous flux 
cm‘2sec"^ 

Number 

errors 

Dose 

rads 

0.93 

NS-5 

1.4x106 

0 

25,000 

0.93 

Intel -14 

1.4x10G 

0 

25,000 

0.93 

Intel-2 

1.4x106 

37 

3,600 

0.93 

Intel-2 

1.4x106 

0 

15,000 

0.93 

Intel-3 

1.4x106 

3 

465 

1.3 

Intel-3 

8.6x106 

7 

200 

1.3 

Intel-1 

7.5x10^ 

2 

15,000 

1.3 

Intel-1 

1.5x107 

0 

4,000 

1.3 

Intel -4 

1.5x107 

0 

22,000 

1.3 

Intel -4 

9.5x107 

0 

2,000 

1.8 

Intel -2 

I.OxlO? 

0 

1,060 

1.8 

Intel -3 

1.4x107 

8 

500 


